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OF SUEEISONIC BCMBEES 
By Riohard P. KreUs and E. Clinton Wilcox 


SUMMARY 

An analysis was made to detezmlne the effects of various turtojet- 
englne design and operating variables and ccmblnatlons of these vari- 
ables on the perfomiance of a supersonic bomber. In order to evaluate 
the divers engine designs, two bomber flight plans were considered; 
to reduce bomber vulnerability, both plans specified supersonic flight 
over an assumed defended zcme. The first flight plan Involved cruise 
at a Mach number of 0.9 followed by a 500-mile dash at supersonic 
speeds to and from the target In the zone and return to base at a 
flight Mach number of 0.9. The second flight plan Involved all- 
supersonic cruise. 

The merit of the various engine designs and the relative importance 
of the various design parameters were evaluated chiefly by means of 
the total radius for both the flight plans. Take-off distance and 
maneuverability at the ccmbat condition were also Investigated. The 
effect on bomber performance of changes in the following variables 
was investigated: zone afterburner temperature, compressor pressure 

ratio, compressor efficiency, turblne-lnlet temperature, turbine 
efficiency, air-handling capacity, engine specific weight, and exhaust - 
nozzle configuration. In order to produce a given thrust, a vari- 
ation in zone afterburner temperature involves a change in engine 
size; the lower the zone afterbiimer temperature, the larger the 
CTiglne size req.ulred. For the all-supersonic flight plan, the air- 
plane radius is relatively Insensitive to the zone afterburner tempera- 
ture. For the flight plan involving a relatively large amount of 
subsonic fli^t, the total radius increases as the zone afterburner tem- 
perature is increased. Regardless of the amount of supersonic flight In 
the fll^t plan, the afterburner temperature In the ccmbat zone should 
probably not exceed 3000° E, In 02 rder to ensure adequate thrust margins 
durlxLg take-off, climb, and acceleration. 

Based on the assumption that engine specific weight is independent 
of compressor pressure ratio, the airplane radius for present-day 
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engine components Is relatively Insensitive to compressor pressure 
ratio. For the all-supersonic flight plan^ compressor pressure ratios 
up to 9 give near -maximum performance. For the fli^t plan Involving the 
500-mile supersonic radius, a compressor pressure ratio of approxi- 
mately 12 gives maximum airplane radius. Increases in turbine- 
inlet temperature produce gains In airplane radius, especially at 
high values of compressor pressure ratio. Substitution of a convergent 
exhaust nozzle for a convergent -divergent nozzle may penalize the 
bcxnber radius up to 24 percent, depending on the amount of supersonic 
cruise In the flight plan. The ccaiblnation of several Improvements 
to provide an "advanced" turbojet engine increased airplane radius 
about 36 percent, considerably more than the sum of the Improvements 
attributable to Individual component changes. 


INTROIXJCTIOIT 

The vulnerability of subsonic bombers to advanced interception 
teohnlq,ues has prcmoted interest in airplanes capable of supersonic 
flight over enemy defended zones. In general, the mission of the 
supersonic bomber consists of take-off, subsonic cruise over friendly 
territory, supersonic dash over. the defended zones to and from the tar- 
get, and return to base at subsonic speeds. Turbojet engines for the 
propulsion of airplanes of this type must meet certain requirements for 
each phase of the flight plan. The engine must provide sufficient thrust 
to allow take-off frcan runways of a reasonable length. During cruise 
over friendly territory, low specific fuel oonsumptlcm is of great 
Importance. In order to obtain high speeds and maneuverability, the 
engine must provide sufficient thrust to allow acceleration through 
the transonic range and excess thrusts at hlg^i flight speeds. The 
turbojet engine, serving as a power plant for the bomber, can be 
designed to assure the aircraft adequate performance in each of these 
regions . 

The investigation discussed in the present report is an analysis 
of the turbojet engine as the power plant for bombers capable of 
supersonic flight speeds. A similar analysis, in which the turbojet 
engine is considered for the propulsion of supersonic fighter aircraft, 
is presented In reference 1. Because of the coitlnulng Improvements 
being made in the components comprising the turbojet engine, the 
analytical study presented herein was made to ascertain the effects 
of these engine ccmaponent changes on the performance of bombers and 
to evaluate their relative Importance . 

Two flight plans are considered In this report. The first consists 
of a subsonic cruise portion followed by 500 miles at supersonic speed 
over enemy territory; the pay load is then dropped and the bomber returns 
supersonically 500 miles and continues to base at a subsonic speed . 
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In the second flight plan, the entire cmise fli^t of the bomher is 
made at su-personic speeds. Both the subsonic and the supersonic flights 
were made on Breguet fllgjht plans at the altitude for maximum range, 
that is, the one for which the product of drag-lift ratio and specific 
fuel consumption was a minimum. .A representatlre airplane configuration 
was selected, anfl the effect on airplane performance of individual 
variations of the principal engine design variables was computed. The 
suitability of the various engine configurations and the relative 
importance of the different engine design variables are judged princi- 
pally by the total bomber radius, generally for a fixed gross weight. 
Take-off distance and maneuverability were also investigated. 

The engine design variables considered were ccmpressor pressure 
ratio, compressor and turbine efficiency, turbine-inlet temperature, 
afterburner temperature, engine specific weight, and engine air- 
handling capacity. Engines equipped with variable-area convergent and 
convergent -divergent exhaust nozzles were Investigated. For the most 
part, changes in engine configuration were studied at a fixed take-off 
gross weight; the effect of changes in gross weight on radius was also 
determined . 


ANALYSIS AND PEOCSniREI 
Flight Plans 

The two flight plans considered are shown schematically in 
figure 1. These flight plans tend to cover the extremes in the 
percentage of flight at supersonic speeds that might be expected in 
the flight of a supersonic bomber. The first flight plan had a sub- 
sonic portion, followed by 500 miles at supersonic speeds to the target, 
500 miles at supersonic speeds away from the target, and a final sub- 
sonic portion back to base. The subsonic porticaas were assumed to be 
flown at 0.9 Mach number. For the second fli^t plan, the entire 
flight to and frcau the target was assumed to be flown at supersonic 
speeds. In general, a supersonic Mach number of 2 was assumed. It 
was further assumed that all cruise fli^t followed a Breguet flight 
plan, and that in all instances the initial altitude was chosen to 
give maximum range for the particular flight plan being considered. 

It was assumed that 5 percent of the original fuel load was maintained 
in the tanks at the end of the flight as reserve. In general, the i 
amount of fuel burned and the distance covered during take-off, climb, t 
and acceleration were neglected. (Calculations Indicated that the \ 

results obtained from the analysis were not significantly affected 1 

by neglecting these compensating factors . ) * 
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Airplane Conf Igurat 1 on 

For all caloalatlons, except tliose in which the effect of gross 
weight was investigated^ the airplane take-off gross weight was assumed 
to he 150,000 pounds, of whic h 23 per cent was structure, including 
crew and electronic equipment, 5000 pounds was homh load, and the 
remainder was distributed among engines, fuel, and fuel tanks. Although 
a delta wing with aspect ratio of 2 and thickness-chord ratio of 0.05 
was chosen for this analysis, the results, insofar as the relative 
effects of the various engine parameters on airplane performance are 
concerned, are not especially critical to the particular wing type 
chosen. The teike-off wing loading was assumed to be 100 pounds per 
square foot. The fuselage, for a gross weight of 150,000 pounds, was 
assumed to have a maximum diameter of 8 feet. For other values of 
gross weight, the fuselage maximum diameter was assumed to vary as 
the cube root of the gross weight. For all cases, the over-all fineness 
ratio of the fuselage was 12. The engines were assumed to be mounted 
in nacelles, one on either side of the fuselage. The oyer-all fineness 
ratio of the nacelles was 9. The structure to gross weight ratio was 
decreased to 0.225 for a gross weight of 200,000 pounds and increased 
to 0.25 for a gross weight of 100,000 pounds. 

Airplane drag was computed, by summing the drag of wing, tail, 
fuselage, and nacelles. It was assumed that the entire wing area, 
including that blanketed by the fuselage, was effective in producing 
lift; whereas, only the exposed wing area was assumed to produce drag. 
The tall drag was assumed to be 20 percent of the wing zero-lift drag. 
The airplane lift-drag ratios obtained for a representative configu- 
ration were approximately 11 at a Ifech number of 0.9 and about 5 at a 
Mach number of 2. Further details regarding the aerodynamic assumptions 
are presented in the appendix. 


Procedure and Engine Operation 

The analysis was an off -design study. In that the engines were 
assumed to be designed for sea-level static coaditlons and then operated, 
at all flight Mach numbers and altitudes excepting subsonic cruise, 
at constant mechanical speed. The performance at the combat-zone Mach 
numbers was therefore off-design with respect to compressor aerodynamic 
speed and associated air flow and compressor efficiency. For the part- 
subsonic flight plan, off -design studies were necessary to establish 
engine performance at subsonic speeds for various thrust levels, because 
engines providing sufficient thrust to fly at the supersonic -zone Mach 
number had to be throttled to fly at the subsonic cruise Mach number 
and the most favorable altitude. 

Basic values of the various engine design variables were assumed, 
and the effects of departures from these values were determined by 
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varying each "while holding all others fixed. The effect of the af"ber- 
bumer temperature used in the supersonic portion of the flight (zone 
afterburner temperature) was first InTestigated. Then, the effect on 
airplane performance of substituting a ccnTergent nozzle for a 
conTergent-dlvergent nozzle "was determined. Next, the effect of 
compressor pressure ratio and compressor efficiency "was evaluated. 

The engine specific -weight was changed, and its importance determined. 

In turn, the turbine -Inlet temperature and air-handling capacity were 
increased, and their contribution to Improved bomber performance 
assessed. After the effect of the foregoing changes had been determined 
individually, several of the advantageous Improvements that seemed 
realizable in the foreseeable future -were combined into what is called 
the ”ad"7anced engine . '* The effect of changes in compressor pressure 
ratio and afterburner temperature on bomber performance with the 
ad"vanced engine was determined, as "was performance "with an advanced 
engine having no afterburner. 

The performance was computed for an Initial gross weight of 150,000 
pounds and a combat -zone Mach number of 2. The effect of changes in 
the gross weight "was computed for the basic and advanced engines and 
for both flight plans. Two bombers, one with basic engines and one 
with advanced engines, were flown over a range of Mach numbers from 
0.9 to 2.5 to determine the effect of flight Mach number on the radius 
of the b ember. 

The three critical thrust regiens through which the airplane must 
pass and in which it must have sufficient thrust to give satisfactory 
performance are (l) at take-off, (2) in the transonic region, and (3) 
in the combat zone. In this analysis, the drag of the alrplme in the 
combat zone determined the engine jthrust req.uirement . It was assumed 
that the engines were operated at' rated rotational speed and rated 
turbine-inlet temperature in the combat zone. For the subsonic cruise 
portions of the flight, the afterburner was turned off and the fuel 
flow and rotational speed were reduced to provide the req.ulred thrust. 

As the fll^t Mach number and altitude varied, the compressor- 
inlet temperature and, hence, equivalent engine speed varied. The 
variations In cranpressor efficiency and air flow with eq.ulvalent engine 
speed given in reference 2 and in appendix C of reference 1 were used 
to calculate e ng ine performance during flight. These "varlatlans were 
assumed independent of rated compressor pressure ratio. The compressor 
pressure ratio also varied with eq.ulvalent engine speed or flight 
condition and "was computed from the air flow and turbine-inlet tempera- 
ture with the assumption that the turbine nozzles were choked. Throu^- 
out the report, all values cited for cempressor pressure ratio are 
those occurring at rated sea-level static conditions. 

The engine- inlet diffuser was assumed to be of the spike type with 
a translating spike . The to"bal-pressure recovery ratio is shown in 
figure 14 as a function of flight Mach number. 
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Eange of Engine Variables 

The effects on airplane performance of independently varying 
the following engine design varlahles over the Indicated ranges were 
computed : 


Compressor pressure ratio at sea level, zero ram 5 to 15 

Maximum compressor adlahatlc efficiency 0.85 and 0.88 

■*T?urbine efficiency 0.85 and 0.90 

Equivalent rated air flow per unit of compressor 
frontal area (area swept "by compressor tip), 

(lb/sec)/sq ft ....... 18 to 36 

Turbine-inlet temperatu 2 ?e , °R 2000 and 2500 


Engine specific weight, Ib/sq ft of 

compressor frontal area 400 to 800 

Engine size, lb of air/(sec)(lb gross wel^t) .... 0.002 to 0.008 

The following variables were held at the given constant values: 

Primary- combustor efficiency 0.95 

Ratio of primary-combustor total-pressure 

loss to inlet total pressure 0.05 

Ratio of primary-combustor diameter to afterburner diameter . . 1.00 

Ratio of inner to outer diameter: of primary combustor 0.40 

Ratio of outer diameter of primary combustor 

to compressor tip diameter 1.177 

Ratio of afterburner friction pressure drop 

to inlet dynamic head 2 

Afterburner combustion efficiency 0.85 


Eor most of the calculations, use of a completely variable-area 
ccnvergent-divergent exhaust nozzle was assumed. The effects on 
performance of using a variable -area convergent nozzle were computed 
for one particular engine ccnfiguration. 


RESULTS ART DISCUSSION 
Basic Engine 

The first results of the analysis show the effect, for both fllgjit 
plans, of changes in the basic engine on the bomber relative radius. 


^he compressor and turbine efficiencies were assumed paired, the 
low turbine efficiency being used with the low compressor efficiency. 
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Tlie basic engine Is an afterburning engine wltb a rated sea-level 
canpresBor pressure ratio of 1 , a maximum adiabatic compressor effi- 
ciency of 0.85, a turbine -Inlet temperature of 2000° E, a turbine 
adiabatic efficiency of 0.85, an alr-bandllng capacity of 27 pounds 
per second per sq.uare foot of compressor area, an engine specific weight 
of 650 pounds per sg.uare foot of compressor area, and a completely 
variable-area convergent-divergent nozzle. 

M Effects of combat -zone afterburner temperature . - The effect of 

^ changes In zone afterburner temperature on bomber relative radius is 

shown In figure 2(a) for both flight plans considered. The relative 
radius plotted in figure 2(a) and many of the succeeding figures is 
computed by dividing the bomber radius for the engine configuration and 
fli^t plan under consideration by the TnaviTTnim radius obtainable with 
the basic engine flying the all- supersonic flight plan. The lower 
curve of figure 2(a) represents the performance of a series of bombers 
having various zone afterbumer temperatures and, hence, various engine 
sizes, flying an all- supersonic flight plan. The upper curve represents 
the performance of the same series of bcmbers flying the fli^t plan 
Involving a 500-mile supersonic radius to aSid from the target, the 
remainder of the fll^t being made at subsonic speed. For both sub- 
sonic and supersonic flight, the al27plane was flown at that altitude 
giving maximum range . 

' A change in zone afterburner temperature requires a change in 

engine size In ozxier to sustain constant -speed supersonic flight, an 
increase In afterburner temperature necessitating a decrease in engine 
size . The relation between engine size (as expressed in terms of air 
flow per unit airplane gross weight) and zone afterburner temperature 
is not unique but is dependent on the flight altitude. The relation 
between zone afterburner temperature and engine size for the altitude 
giving maximum supersonic range is shown In figure 2(b). An engine 
that handles almost 0.007 pound of air per second per pound of air- 
plane take-off gross weight is required for flight at a Mach number 
of 2 at the most favorable altitude if the afterburner is Inoperative; 
whereas, an engine size of 0.0025 is sufficient with a zone after- 
burner temperature of about 3500° E. 

As the engine size and weight decrease, with Increased zone 
afterburner temperature, more fuel can be carried for a given air- 
plane take-off gross weight, and the airplane drag is decreased 
because of the reduced size of the nacelles. Both the increased 
fuel on board and the decreased drag increase the bomber radius 
(fig. 2(a)). Detrimental to Increased radius is the increased specific 
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fuel conBumption accompanying Increased zone afterburner temperature. 
Increasing tlie zone afterburner temperature and decreasing the engine 
size result in Increased radius of the bomber flying all supersonically 
until the zone afterburner temperature reaches 2500° E. For design 
afterburner temperatures above 2500° E^ the engine size and veight 
are not reduced sufficiently to compensate the Increased specific fuel 
consumption^ and the airplane radius decreases. In meiny of the sub- 
seq.uent figures, an engine size corresponding to 0.004 pound of air 
per second per pound of airplane take-off gross weight is assumed, 
corresponding to a zone afterburner temperature of about 2500° E. 

Factors comparable to those that influenced the relation between 
relative radius and afterburner temperature for the all- supersonic 
flight plan are involved in the relation illustrated in the upper 
curve of figure 2(a). For the very low values of zone afterburner 
temperature, the engine is so large that it must be throttled back 
for subsonic cruise to a thrust level at which the specific fuel con- 
sumption is greater than the minimum. As the zone afterburner tem- 
perature 1s increased, the specific fuel consumption for subsonic 
cruise decreases and stays near its minimum value, the engine wel^t 
decreases, the fuel load Increases, and the drag decreases. All the 
previously mentioned factors tend to produce an increased radius at 
subsonic speed. As a result, in contradistinction to the change in 
relative radius with zone afterburner temperature for the all-supersonic 
flight plan, wherein relative radius maximizes at some Intermediate 
afterburner temperature, the total radius for the flight plan involving 
subsonic and 500 miles of supersonic cruise increases continuously 
with increasing afterburner temperature in the combat zone. At a zone 
afterburner temperature corresponding to maximum radius for the all- 
supersonic flight plan, the relative radius for the 500-mile supersonic 
flight plan is 1 . 228 . 

The results of figure 2(a) indicate that the most desirable zone 
afterburner temperature is dependent on the amount of supersonic 
flight involved in the flight plan. For all-supersonic flight, the 
radius is relatively insensitive to afterburner temperature, and 
the most favorable afterburner temperature increases as the amount 
of supersonic flight decreases. For an airplane that might be expected 
to fly both flight plans considered in figure 2(a), a good compromise 
value of zone afterburner temperature would be about 3000° E, correspond- 
ing to an engine size of approximately 0.003 poiind of air flow per 
second per pound of airplane gross weight. 

The Influence on radius of the amount of fuel consumed and 
the distance covered in take-off, climb, and acceleration was not 
considered for the data of figure 2(a). However, when these 
factors were considered, it was found that, for zone after- 
burner temperatures up to 3000° E, the curves obtained were nearly 
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colnciden'fc with those of figure 2(a). For zone afterhumer tempera- 
tures above 3000° the engine size and thrust margins became so 
small that the airplane encountered difficulty in take-off ^ climb, 
and acceleration. Take-off distance is shown as a function of 
zone afterburner temperature in figure 2(c). The take-off distance 
was computed with the engines assumed to be operating at an after- 
burner temperature of 3500° E during the take-off operation. For 
high values of zone afterburner temperature, which correspond to 
small engine sizes, thrust margins are small and long take-off 
distances result. If take-off distances less than 5000 feet are 
required, the combat -zone afterburner temperature must be limited to 
3000° E or lees. Thus, the afterburner temperatuee for maximum 
range on the all -supersonic fli^t plan and for acceptable take-off 
distance are nearly the same, and no compromise of take-off distance 
is required to obtain maximum all-supersonic range. The thrust 
margin in the transonic -speed range was also investigated for several 
afterburner temperatures in the range of interest . All airplanes 
investigated had sufficient thrust to accelerate through this 
second critical region. 

Maneuverability in the combat zone, expressed as the normal load 
factor the airplane can sustain without loss of speed or altitude, 
is shown in figirre 2(d). A load factor of unity corresponds to level 
unaccelerated flight. The data of figure 2(d) are all for a maneu- 
vering afterburner temperature of 3500° E; and, therefore, for a 
zone afterburner temperature of 3500° E, a load factor of unity is 
obtained. As the zone afterburner temperature is decreased, the 
maneuverability or normal load factor increases. Maneuverability 
at a zone afterburner temperature of 3500° E could be obtained by 
lp.creasing the afterburner temperature above 3500° E during maneuver- 
ing, by the use of seme other thrust -augmentation method, or by 
decreasing the fli^t altitude. Any maneuvering would result in a 
decrease in airplane radius . For a zone afterburner temperature of 
3000° E, a normal load factor of approximately 1.3 can be obtained, 
at a flight Mach number of 2, by Increasing the afterburner tempera- 
ture to 3500° E. 

Inasmuch as the radius for the all-supersonic flight plan was 
relatively Insensitive to zone afterburner temperature, airplane 
performance for the all-supersonic fli^t plan was cemputed for the 
case of an engine without an afterburner. Because of the absence 
of the afterburner, it was assumed that the engine specific wel^t 
was decreased 16 percent . This nonafterburning-engine performance is 
shown in. figures 2(a), (c), and (d) by the symbols. While the 
radius obtained for the nonafterburning case is nearly equal to the 
maximum radius obtainable for afterburning engines, the take-off 
distance is rather great (about 6600 ft, fig. 2(c)). The maneuver- 
ability or normal load factor is unity at the design Mach number 
and altitude. 
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Erom consideration of tlie effect of zone aftert inner temperature 
on airplane performance it may !be concluded that, for the haBlc engine, 
typical of current turbojet engines, an afterburner is desirable. If 
the flight plan is all supersonic, the airplane radius is relatively 
insensitive to afterburner temperature; althou^, if the engine has 
no afterburner, the take-off, climb, and acceleration performance is 
impaired. As the amount of subsonic flight in the flight plan 
increases, the zone afterburner temperature giving maximum radius 
increases. 

Effect of convergent nozzle . - The foregoing results were obtained 
with the engines assumed equipped with convergent -divergent nozzles of 
variable throat and variable expansion ratio. The substitution of a 
simple convergent nozzle with variable throat puts a great penalty 
on the range of the supersonic bomber, as shown in figure 3, where 
the radius of the bomber is plotted against the ccanbat-zone after- 
burner temperature. At an afterburner temperature of 2500° E, there 
is approximately a 13 -percent decrease in the radius of the bomber 
for the flight plan involving only 500 miles of supersonic radius. 

At the same afterburner temperature, there is a 24-percent decrease 
in radius for the bcmber flying all supersonically at a Mach number 
of 2. 


The engines for a given thrust requirement are considerably 
larger for a given afterburner temperature when a convergent nozzle 
is used in place of a convergent -divergent nozzle. Accordingly, when 
the afterburner temperature is Increased to reduce the engine size 
and weight, more of an advantage in relative radius is obtainable 
with the convergent nozzle than with the convergent-divergent nozzle. 

The previously discussed results have all been based on the 
assumption of an ideal, infinitely variable, convergent -divergent 
nozzle. If the losses in a recently investigated tremslating-plug-type 
nozzle are Included, the radius for the all-supersonic fll^t plan is ' 
decreased about 13 percent, the radius for the fli^t plan involving 
500 miles of supersonic flight is decreased approximately 10 percent, 
and the take-off distance is increased 2 percent. 

Effect of rated ccanpressor pressure ratio and compressca: and 
turbine efficiencies . - The effect of changes in rated compressor 
pressure ratio and maximum compressor and turbine efficiencies on 
the relative radius of the bomber is shown in figure 4(a). For ease 
in calculation, a fixed engine size of 0.004 pound of air per second 
per pound of gross weight at take-off was assumed, with a resulting 
zone afterburner temperature of approximately 2500° E. As the pressure 
ratio and the efficiency of the compressor and turbine were changed, 
a small adjustment in afterburner temperature was necessary to match .. 
the. airplane drag and the available thrust at the altitUjde for best 
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range . Other values for the engine with a convergent -divergent nozzle 
were a turbine-inlet temperature of 2000° R, an air-handling capacity 
of 27 pounds per seccnd per sq.uare foot of campressor area, an 
engine specific wei^t of 650 pounds per sq,uare foot of compressor 
area, and a supersonic Mach number in the combat zone of 2. The value 
of compressor pressure ratio shown on the abscissa is the pressure 
ratio of the engine at rated speed under sea-level static conditions. 

For an engine equipped with a compressor having a maximum effi- 
ciency of 0.85 and a constant turbine efficiency of the same value, 
the relative radius for the 500-mlle supersonic fll^t plan is 
relatively insensitive to changes in rated campressor pressure ratio 
from 7 to 15 . For the banber flying at supersonic speed throu^out 
its entire flight, any rated campressor pressure ratio between 4 and 
10 gives nearly Tnaxl Tniim radius. The results of these calculations and 
the conclusions drawn from the data are all based on the supposition 
that the engine specific wei^t is unaffected by changes in compressor 
pressure ratio. Should this not be the case, the effect of compressor 
pressure ratio must be evaluated with the variation in engine specific 
weight with compressor pressure ratio considered. Such an evaluation 
can be made throu^ the application of one of the succeeding figures . 

When the component efficiencies are raised to a maxlum of 
0.88 for the compressor and 0.90 for the turbine, the compressor 
pressure ratio for maximum radius increases somewhat, althou^ the 
effect is small for the all- supersonic fll^t plan. For this flight 
plan, the increase in component efficiencies Increases the radius 
approximately 8 percent . The saime Increase in component efficiencies 
produced increases in radius for the 500-mlle supersonic fll^t plan 
of 14 and 21 percent at rated compressor pressure ratios of 7 and 12, 
respectively. 

Another factor to be considered in the selection of compressor 
pressure ratio and the evaluation of benefits to be derived from 
Increased component efficiencies is their effect on combustor velocities. 
Both primary-combustor and afterburner velocities are shown as functions 
of compressor pressure ratio in figure 4(b). Afterburner velocities 
are well below 500 feet per second for all compressor pressure ratios 
and component efficiencies considered. A pressure ratio of at least 
7 is required with the lower efficiency components in order to keep 
the primary- combustor inlet velocity below 100 feet per second. The 
data shown in figure 4 indicate that, for an engine with current 
component efficiencies, a compressor pressure ratio of about 7 gives 
nearly maximum radius for the all -supersonic fli^t plan. For the 
flight plan Incorporating 500 miles of supersonic flight, a pressure 
ratio of 10 gives nearly maximum radius. These results are based on 
the assumption that engine specific wel^t is independent of campressor 
pressure ratio . 
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Effect of engine specific yelaht . - In the long-range bomlber 
under consideration, the gross weight Is held fixed and any decrease 
in weight of structure, engine, or fuel taht results In an Increase 
in fuel-carrying oapahillty. The effect of exchanging engine weight 
for fuel is shown In figure 5, where the homher relative radius is 
plotted against rated compressor pressure ratio for the two flight 
plans considered and for engine specific weights of 400, 600, and 800 
pounds per sq,uare foot of compressor area. Other constants for this 
data are engine size of 0.004 pound of air per second per pound of 
take-off gross wei^t, compressor efficiency of 0.85, turbine effi- 
ciency of 0.85, turbine -inlet temperature 2000° R, an ideal convergent- 
divergent exhaust nozzle, and air-handling capacity of 27 pounds per 
second per square foot of compressor area. 

A decrease in engine specific weight from 600 to 400 pounds per 
square foot at a compressor pressure ratio of 7 increases the relative 
radius for each flight plan approximately 8.5 percent. For an engine 
specific weight of 650 pounds per square foot of compressor area, 
the engine weighs approximately 10 percent of the gross weight in 
the bomber, as compared with approximately 27 percent in the filter 
of reference 1. Therefore, engine specific weight is considerably 
less Important for the bomber than for the local defense fighter of 
reference 1. The large difference in the relative engine weight 
between the bomber and the fighter of reference 1 is chiefly the 
result of the greater maneuverability requirements of the filter 
at the high-speed, hl^-altitude flight conditions. These large 
differences in engine weight indicate that the bomber engine specific 
weight may be relatively high and still not Jeopardize performance. 
Specifically, if an increase of 3 points in efficiency of the campressor 
and 5 points in the efficiency of the turbine can be made with less 
than a 66-percent increase in engine specific weight, such a change is 
advantageous in providing increased radius for the bomber flying the 
flight plem. Involving 500 miles at supersonic speeds . 

Effect of turbine-inlet temperature . - By increasing the turbine- 
inlet temperature, the same work can be extracted from the turbine with 
a decreased turbine pressure drop. With the turbine pressure drop 
diminished, the pressure ratio across the exhaust nozzle is increased, 
with the result, for a given exhaust -gas temperature, of ein increase 
in engine thrust. The effect of increased turbine -inlet temperature 
on bomber performance is shown in figure 6(a), where relative radius 
for both bcmber flight plans is plotted against rated campressor 
pressure ratio for two turbine-inlet temperatures. Two-percent bleed 
from the compressor was used to cool the turbine at a turbine-inlet 
temperature of 2500° R, in accordance with the analysis of reference 3. 
The bleed air, after cooling the turbine, was returned to the tall 
pipe. 
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For the flight plan "with the 500-mlle Bupereonic radius ^ the 
increase in turbine -inlet temperature from 2000° to 2500° E has a 
relatively slight effect on radius for rated ccmpresBor pressure 
ratios up to about 9. For higher pressure ratios the effect is 
Increased, and a compressor pressure ratio of 12 and a turbine- 
inlet temperature of 2500° E provide a radius approximately 7 per- 
cent greater than the maximum attainable for a turbine-inlet tempera- 
ture of 2000° E. 

For the all-superscaaic fll^t plan, the effect of Increased 
turbine-inlet temperature is greater at all values of ccmpressor 
pressure ratio. The comp 2 ?essor pressure ratio giving maximum radius 
increases from about 7 at a turbine -inlet temperature of 2000° E to 
approximately 12 at a turbine- inlet temperature of 2500° E. The 
maximum radius at a turbine-inlet temperature of 2500° E is 20 percent 
greater than the maximum at a turbine -inlet temperature of 2000° E. 

The combined effects of changes in turbine-inlet temperature 
and compressor pressure ratio on the afterburner -inlet velocity are 
shown in figure 6(b). For compressor pressure ratios of interest 
for a supersonic bomber, between 7 and 12, there is little effect 
of the turbine -inlet temperatures investigated on the afterburner- 
inlet velocities, and the velocities are all low enou^ to afford 
efficient combixstlon. 

Effect of air-handling capacity. - An increase in the air-handling 
capacity improves the performance of the airplane for two reasons : 

(l) the increase reduces the drag of the engine nacelles, and (2) a 
decrease in the area for a given air flow will decrease the engine 
wel^t proportionately, because engine wei^t is assumed to be directly 
proportional to the engine compressor eirea. In the present invest 1- 
gation, all values of air-handling capacity cited are the values at 
rated sea-level static conditions. 

The effect of air-handling capacity on the radius of the bomber 
is shown in figure 7(a) for three rated compressor pressure ratios 
and the two flight plans under consideration. The other engine 
variables are the same as for the basic engine, and the engine size 
corresponds to O.CX)4 pound of air per second per pound of take-off 
gross weight, with a zone afterburner temperature of approximately 
2500° E. The increase in radius with increased air-handling capacity 
is about the same for the three pressure ratios investigated. Increasing 
the compressor air flow frcm 27 to 33 pounds per second per sq.uare 
foot increases the radius for the flight plan Involving the 500-mile 
supersonic radius approximately 8 percent; for the all-supersonic 
fli^t plan, the Increase is about 11 percent. Eelatlve radius increased 
at a reduced rate with an increase in air- hand ling capacity, because 
a given Increment of alr-handllng capacity has less effect on both the 
airplane drag and the engine weight at high alr-handllng capacities. 
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IncreaBing the air-handling capacity has an adverse effect on 
velocities throu^out the engine. Figure 7(h) indicates that^ for a 
rated compressor pressure ratio of 7, the air-handling capacity is 
limited to about 27 pounds per sq,uare foot of compressor frontal area 
to maintain the primary- comhustor inlet velocity below 100 feet per 
second. At a pressure ratio of 12, a velocity of a 100 feet per 
second is not reached until the air-handling capacity of the engine 
has exceeded 40 pounds per second per s(iuare foot of compressor area. 
For ^ir-handling capacities below 36 pounds per second per sq.uare 
foot, the afterburner-inlet velocity is less than 500 feet per second. 


Advanced Engine 

The foregoing section^ of tMs report indicate the effects of 
Independent changes in afterburner temperature, component efficiency, 
turbine -inlet temperature, compressor pressure ratio, type of exhaust 
nozzle, air-handling capacity, and engine specific weight on the 
performance of the supersonic bomber. Several of the previously 
discussed beneficial effects are combined in this section into what 
might be called an "advanced engine," that is, an engine realizing 
future scheduled developments in the performance of several of the 
components. The advanced engine had a maximum compressor efficiency 
of 0.88, a turbine -inlet temperature of 2500*^ B, a turbine effi- 
ciency of 0.90, a convergent-divergent nozzle, and an air-handling 
capacity of 33 pounds per second per sq.uare foot. The rated compres- 
sor pressure ratio and zone afterburner temperature were varied to 
determine the effect of changes in them on the relative radius of 
a bomber equipped with advanced engines. 

Effects of rated ccmpressor pressure ratio and engine specific 
weight . - The effects of rated compressor pressure ratio and engine 
specific weight on the radius of the supersonic bomber are shown in 
figure 8 for an engine size of 0.004 pound of air per second per 
pound of gross weight. As previously illustrated for a turbine- 
inlet temperature of 2500° S, the data in this figure show a continu- 
ous Increase in relative radius with increasing rated compressor 
pressure ratio for the flight plan Involving 500 miles of supersonic 
radius. An increase In compressor pressure ratio from 7 to 12 at a 
fixed engine weight of 600 pounds per square foot results in an increase 
In the relative radius of more than 13 percent. There is much less 
effect for the a 11 -supersonic flight plan, and little increase in 
radius can be gained by Increasing the rated compressor pressure ratio 
above 9. 


All these results were calculated the basis of engine specific 
weight invariant with compressor pressure ratio. The effect of 
engine specific weight is smaller for the advanced engine than for 
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the hasic engine, because the advanced engine weighs less for a given 
thrust. For example, a 33 -percent Increase in engine weight decreases 
the relative radius 6 percent. This compare s with a 9-percent change 
in radius for the same change in specif ic. weight of the basic engine. 

Effect of combat -zone afterburner temperature . - The effect of 
afterburner temperature on bomber radius when the bomber is equipped 
with an advanced afterburning engine having a rated compressor pres- 
sure ratio of 12 is shown in figure 9. Performance with basic engines 
having a compressor pressure ratio of 7 is also included for compari- 
son. For the advanced engine and the fli^t plan Involving 500 miles 
of supersonic cruise, the total radius is relatively Insensitive to 
the afterburner temperature used in the combat zone. For the all- 
supersonic flight plan, the nonoperative afterburner provides maximum 
radius. With the advanced engine the gains afforded by afterburning, 
that is, smaj-ler engines and reduced airplane drag, do not balance 
the increased fuel consumption of the afterburner, inasmuch as the 
engines are relatively small. 

From a comparison of maximum radii in all cases, it can be seen 
from figure 9 that, for both fli^t plans, the advanced engine provides 
increases in radius of about 36 percent over that for the basic engine. 
These maximum radii occur at widely differing values of zone after- 
burner temperature. The increase in radius is greater than the sum 
of the increases attributable to the individual changes. 

Comparison of advanced engines with and without afterburner . - 
Because radius for both fll^t plans is near maximum when cruising in 
the combat zone with the afterburner inoperative, an investigation 
was made to determine the effect of ccmpressor pressure ratio on 
bomber performance for an advanced engine without the afterburner. 

The engine specific weight was reduced 16 percent to account for the 
removal of the afterburner. The results are shown for the two different 
flight plans in figure 10. For both fll^t plans the radius Increases 
continuously with an Increase in rated ccmpressor pressure ratio. The 
foregoing results were computed with the assumption of a constant 
engine specific weight, and the engine size was selected for the alti- 
tude giving maximum supersonio range. 

A comparison of figures 9 and 10 Indicates that, for the advanced 
engine (compressor pressure ratio of 12), removing the afterburner 
provides a radius for the 500-mile supersonic flight plan only 4 per- 
cent lees than the maximum afterburning radius. For the all -supersonic 
fll^t plan, the maximum radius, which was shown in flgu 2 :*e 9 to occur 
with the afterburner inoperative, is further Increased about 3.5 percent 
by removing the afterburner. A further comparison of the bomber powered 
by advanced afterburning and nonafterbuming engines was made to determine 
the effect on take-off distance and maneuverability. The afterburning 


16 


NACA m E54A21 


engine was sized so as to req.uira an aftertumer temperature of E80Q° E 
in the comhat zone and was operated at an afterburner temperature of 
3500° B during take-off and maneuvering. Such a choice favored heat 
performance for the 500-mile supersonic fllgjit plan at the expense of 
all-supersonic range, take-off distance, and maneuverability. The 
lower thrust per pound of air flow obtained frcan the engine without 
the afterburner required an engine size 43 percent larger than that 
fomfche engine with the afterburner. The airplane take-off distance 
and maneuverability are as follows: 


Engine 

No 

afterburner 

Afterburner 

Take-off distance, ft . 

4300 

4600 

Maneuverability, nonnal 



load factor 

1.0 

1.4 


Effect of Ellght Mach Number 

The effect of flight Mach number on the relative radius was 
investigated for two different bombers, one equipped with the basic 
engine and the other with an advanced engine. The engine sizes were 
0.004 and 0.003 pound of air per”second per pound of take-off gross 
wei^t, respectively. The entire cruise portion of the flight was 
made at constant Mach number. The results are shown in figure 11. The 
change in relative radius with fll^t Mach number is the same for 
both bombers. Maximum range is affoarded at a Mach number of 0.9. 
Maximum range at supersonic speeds occurs at a Mach number slightly 
above 2.0. - 

At a Mach number of 2.0, a bomber equipped with advanced engines 
will fly 27 percent farther than one using the basic engine. The 
specific fuel consumption of the. advanced engine is about 14 percent 
less than that of the basic engine. The 25-percent reduction in 
engine wei^t increases the amount of fuel on board and adds another 
11 percent to the radius. The Improved lift-drag ratio due to smaller 
engines accounts for the remaining 2 -percent Improvement in radius. 

In the subsonic region, at a Mach number of 0.9, the relative range 
is about 43 percent better for the advanced engine. The greater 
Improvement in the subsonic region is due principally to the fact that 
the specific fuel consumption for the advanced engine with a rated 
compressor pressure ratio of 12 and a turbine -inlet temperature of 
2500° R is about 25 percent less during throttled operation than for 
the basic engine. The remainder of the improvement is due to the 
decreased engine weight and slightly Improved lift -drag ratio. 
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Effect of Bcmter G-ross Welgiit 

The effect of gross velght on the relative radius of the airplane 
powered 'hj a basic and hy an advanced afterburning engine is ccanpared 
in figure 12. The basic engine size was held constant at 0.004 pound 
of air per second per pound of airplane gross wel^t . The advanced 
engine was sized so that no afterburning would be req.uired in the 
combat zone. The results of figure 12 indicate a consistent increase 
in relative radius as the bomber gross wel^t is Increased. The rate 
of increase of the relative radius decreases, however, with increasing 
gross wei^t, inasmuch as the bcsnb load becomes a decreasing percentage 
of the gross weight. When the gross wei^t is doubled from 100,000 to 
200,000 pounds, the total radius for the bomber flying the 500-mile 
supersonic f li^t plan Increases 13 percent for both engines . The 
effect of an engine parameter such as compreBsor prassure ratio or 
afterburner temperature on airplane performance was shown in reference 
^ 1 to be relatively independent of airplane gross weight. Therefore, 

^ althou^ presented in this report for an airplane gross wei^t of 

^ 150,000 pounds, the results are applicable to airplanes having somewhat 

different gross weights. 


SOMMAEY OF EESUETS 

An analysis was made of the turbojet aaglne as the power plant 
for a bomber-type airplane having a design supersonic Mach number of 
2. For turbojet engines having currently available components, air- 
plane radius, for an all-supersonic fli^t plan, is relatively in- 
sensitive to afterburner temperature. For a flight plan involving 
a relatively large amount of subsonic fli^t, the total radius Increases 
as the zone afterburner temperature is Increased. Eegardless of the 
amount of supersonic cruise, in order to ensure sufficient thrust 
during take-off, climb, and acceleration, the afterburner temperature 
in level, unaccelerated supersonic flight should probably not exceed 
300QO R. 

Based on the assumption that engine specific weight is Independent 
of compressor pressure ratio, the airplane radius for currently avail- 
able components is relatively insensitive to compressor pressure ratio. 
For an all-supersonic flight plan, compressor pressure ratios up to 
9 give nearly maximum performance . If the flight plan has only a 
500-mile radius at supersonic speeds with the remainder of the fll^t 
at subsonic velocities, the compressor pressure ratio giving maximum 
radius is approximately 12. 

The use of a variable -area convergent nozzle rather than a 
variable-area convergent-divergent nozzle penalizes the airplane radius 
as much as 24 percent, depending on the amount of supersonic flight 
included in the flight plan. 
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Engine epeclfio weight iuas a relatively ema il effect on homher- 
type airplane performance, with, a 64-percent change In engine specific 
wel^t changing the total radius about 18 percent for a flight plan 
involving 500 miles at a Mach numher of 2. This change in specific 
weight has about the same effect on airplane radius as a change of 
about 4 points in the efficiencies of both the compressor and turbine. 

Tncreasing the turbine -inlet temperature frcaoa 2000° to 2500° E 
has a beneficial effect on airplane radius, especially at the hl^er 
values of ccmpressor pressure ratio. For a flight plan Incorporating 
500 miles at a Mach number of 2, a compressor pressure ratio of 12 
and a turbine -Inlet temperature of 2500° R gave a radius 7 percent 
greater than the maximum obtained for a turbine -inlet temperature of 
2000° E. For an all -supersonic flight plan, the radius may be Increased 
as much as 20 percent for the same Increase in turbine-inlet tempera- 
ture and ccmpressor pressure ratio. 

An Increase in alr-handllng capacity from 27 to 33 pounds per 
second per sq.uare foot of frontal area increased the tptel radius 8 
percent for the flight plan involving 500 miles at supersonic speeds . 

For the all-supersonic flight plan, the in crea se to radius was 11 
percent . 

For an advanced engine (one embodying simultaneous improvements 
in turbine-inlet temperatures, comp(j>nent efficiencies, and alr- 
handllng capacity), the airplane maximum radius was about 36 percent 
greater than that obtained for an engine embodying current engine 
components. This increase to radius was essentially independent of 
the amount of supersonic cruise incorporated to the flight plan. The 
combined effect of several improvements to the engine ccanpanents is 
greater than the svim of the individual effects. 

For the advanced engine, removing the afterburner gave near- 
maximum performance for both flight plans considered. However, the 
airplane had the disadvantage of having no maneuverability at the 
design supersonic flight condition. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, January 26, 1954 
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APPENDIX - AEEODYNAMIC ASSUMPTICWS 

For ease in coiiLpu.tlng the drag of the 'bomber. It was assumed that 
aircraft consisted of a delta-wing design with a low-drag fuselage 
with e ng ines mounted in nacelles. Total drag was computed frcan 
superposition of the wing, fuselage, and nacelle drag. I 



CO Fuselage 

OJ 

The fuselage was assumed to he a low-drag hody, 8 feet In diameter, 
with a fineness ratio of 12. The surface to frontal area was taken 
as 34.5. The pressure drag coefficient was computed from figures 30 
and 32 of reference 1. 'Tarlatlons of friction drag and pressure drag 
coefficient with Mach number were assumed as in reference 1. 


Nacelles 

The engine nacelles were assumed to have a length-diameter ratio 
of 9. They were made up of three longitudinally equal sections: the 

cowl, a truncated cone; the center section, cylindrical; and the aft 
section, cylindrical with a 7° hoattall. The pressure drag coefficients 
for the cowl and aft sections were computed from figures 30, 33, and 34 
of reference 1. The friction drag coefficient for the entire nacelle 
was taken from figure 31 of reference 1. 


Wing 


The delta wing assijmed for the bomber had an aspect ratio 2.0 and 
a thickness -chord ratio of 0.05. The zero-lift pressure drag coeffi- 
cient for the wing was asstuned to have a constant value of 0.0058 above 
a Mach nijmber of 1.0. The variation of the induced-drag factor (ciiange 
in drag coefficient divided by the square of the lift coefficient) is 
shown in figure 13. The data were obtained from references 4 and 
The variation in the friction drag coefficient with Mach number is' 
shown in figure 31 of reference 1. The tall drag was assumed to be 
20 percent of the wing zero-lift drag. 
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(b) All supersonic. 
Figure 1. - Slight plans. 









Relative radius 



Ccajibat-zone afterburner tes^ierature , °R 
(a) Bomber relative radius. 

Figure 2. - Effects of ccmbat-zone afterburner teinperature . Rated com- 
pressor pressure ratio, 7; maximum campressor efficiency, 0.85; tur- 
bine efficiency, 0.85; turbine-inlet temperature, 2000° R; convergent- 
divergent nozzle; air-handling capacity, 27 pcfunds per second per 
square foot; engine specific weight, 650 pounds per square foot; combat- 
zone Mach number, 2. 
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Combat-zone afterburner ten^ierature , °E 
(b) Engine size. 

Figure 2. - Continued. Effects of combat-zone afterburner temperature. 
Rated compressor pressure ratloj 7j maximum con^jressor efficiency, 
0.85; turbine efficiency, 0.85; turbine-inlet temperature, 2000° Rj 
convergent-divergent nozzle; air -handling capacity, 27 pounds per 
second per square foot; engine specific weight, 650 pounds per square 
foot; ccmbat-zone Mach mmiber, 2. 
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O Engine without afterburner 
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(c) Bomber take-off distance 


Ccmbat-zone afterburner temperature, °R 
(d) Bomber maneuverability. 

Figure 2. - Concluded. Effects of contoat-zone afterburner temperature. 
Rated compressor pressure ratio, 7j maximum compressor efficiency, 
0.85} turbine efficiency, 0.85} turblne-lnlet tengjerature , 2000° E} 
convergent-divergent nozzle} alr-bandling capacity, 27 pounds per 
second per square foot} engine specific weight, 650 pounds per square 
foot} ccmbat-zone Mach number, 2, 
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1400 1800 2200 2600 3000 3400 3800 

Comibat-zoDe afterburner tempera-^re , a 

Figure 3. - Comparative radius of bomber with convergent and convergent- 
divergent exhaust nozzles. Rated ccxnpreBSor pressure ratio^ 7; maxl- 
fflum compressor efficiency, 0.85; turbine efficiency, 0.85; turbine- 
inlet ten^Jerature , 2000*^ R; air-handling capacity, 27 pounds per sec- 
ond per square foot; engine specific wel^t, 650 pounds per square 
foot; ccmbat-zone Mach number, 2. 
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Rated ccmpressor pressure ratio 


(a) Bceiber relative radius. Convergent-divergent nozzle j engine specific 
weight, 650 pounds per square foot; engine size, 0.004 pound per second 
per pound gross weight. 

Figure 4. - Effects of compressor pressure ratio and con 5 >ressor and tur- 
bine efficiencies. Turbine -inlet teinperature, 3000*^ Rj air-handling 
capacity, 27 pounds per second per square foot; combat-zone Mach 
number, 2. 
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Rated con^xressor pressure ratio 
(b) Combustion-chamber velocities 


Figure 4. - Concluded. Effects of confessor pressure ratio and cangxres 
SOT and turbine efficiencies. Turblne-lnlet tenperature, 2000 ° Rj air 
handling capacity, 27 pounds per second per square foot; ccmbat-zone 
Mach number, 2. 








Relative radius 



Rated can 5 >resBCxr pressure ratio 


Figure 5. - Effect of engine specific welglit and canrpressor pressure ratio 
on bcanber relative radius. Maximum ccarpressor efficiency, 0.85; turtlne 
efficiency, 0.85; turtine-lnlet taaperature, 2000° R; air-handling capa- 
city, 27 pounds per second per square foot; convergent-divergent nozzle; 
combat-zone Mach numher, 2; engine size, 0.004 pound per second i>er 
pound gross weight. 
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Rated ccanupresscnf preesure ratio 


(a) Bcjnber relative radlue. Ccfflvergeiit-dlTergent nozzle; engine specific 
weight, G50 pounds per square foot; engine size, 0.004 pound per second 
per pound gross weight. 

Figure 6. - Effects of turhinc-inlet tenperature and conpressar preBsure 
ratio. Maximum canpressor efficiency, 0.85; turbine efficiency, 0.85; 
air-handling capacity, 27 pounds per seccsid per square foot; combat- 
zone Mach number, 2. 
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Rated ccoiipressor pressure ratio 


(b) Afterburner velocity. 

Figure 6. - Concluded. Effects of turbine-inlet temperature and com- 
pressor pressure ratio. Maximum compressor efficiency, 0.85; turbine 
efficiency, 0.85; air-handling capacity, 27 pounds per second per 
square foot; combat-zone Mach number, 2. 
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Rated compressor 
pressure ratio 


Miles supersonic 



L8 22 26 30 34 3 

Compressor air-handling capacity, (lh/sec)/sq ft 

(a) Bcmber relative radius. Convergent-divergent nozzle; 
engine specific -weight, 650 pounds per square foot; engine 
size, 0.004 pound per second per pound gross -weight. 


Figure 7. - Effects of air-handling capacity and compressor 
pressure ratio. Maximum compressor efficiency, 0.85; tur- 
bine efficiency, 0.85; turhine-lnlet temperature, 2000° R; 
ccmhat-zone Mach number, 2. 
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500 Miles supersonic 
All supersonic 


Engine specific 
weight, 
Ih/sq. ft 


Rated ccgnpressor pressure ratio 

Figure 8. - Effect of rated compressor pressure ratio and engine specific 
weight on homber radius. Engine size, 0.004 pound of air per second 
per pound gross weight} maximuin compressor efficiency, 0.86; turtiine 
efficiency, 0.90; turhine-lnlet temperature, 2500° R; convergent- 
divergent nozzle; air -handling capacity, 33 pounds per second per 
square foot; oomhat-zone Mach number, 2. 
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Advanced 


500 Miles supersonic 


All supersonic 


Caiibat-zone afterburner tenqperature , °R 

Figure 9. - Comparison of effect of ccmibat-zone afterburner tenperature 
on bcoflser relative radius vlth basic euad advanced engines. Rated com 
pressor pressure ratios ^ 7 and 12} maximum compressor efficiencies, 
0.85 and 0.88} turbine efficiencies, 0.85 and 0.90} turbine-inlet 
temperatures, 2000° and 2500^ R} convergent-divergent nozzles} air- 
handling capacities, 27 and 33 pounds per second per square foot} 
engine specific veight, 650 pounds per square foot} ccmbat-zone Mach 
number , 2 . 
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Rated compressor pressure ratio 


Figure 10. - Effect of rated compressor pressure ratio in advanced engine 
without afterburner on hcanber relative radius. Maximum conipressor 
efficiency, 0.88; turbine efficiency, 0.90; turbine-inlet ten5)erature , 
2500° R; convergent-divergent nozzle; air-handling capacity, 33 pounds 
per second per square foot; engine specific weight, 560 pounds per 
square foot; combat-zone Mach number, 2. 
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Fli^t Mach number 


Figure 11. - Effect of flight Mach number on relative radius of supersonic 
bomber powered by basic and by advanced engines. Rated compressor pres- 
sure ratios, 7 and 12 ; maximum ccnip3?es8or efficiencies, 0.85 and 0.86) 
turbine eifflciencies, 0.85 and 0.90; turbine-inlet tasperatures , 2000° 
and 2500° R; convergent-divergent nozzles; air-handling capacities, 27 
and 33 pounds per second per s<iuare foot; engine specific weight, 650 
pounds per square foot; engine sizes, 0.004 and 0.003 pound per second 
per pound of tahe-off gross weight. 


2913 



Relative radius 


HA.CA EM E54A21 


Engines 

Basic 

Advanced 


500 Miles supers on 1: 


9 | 
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Figure 12 . - Effect of gross vel^t on bomber relative radius when equipped 
■with basic and advanced engines. Rated compressor pressure ratios j 7 gmd 
12; maximuin compressca:' efficiencies, 0.85 and 0.88; turbine efficiencies, 
0.85 and 0.90; turbine-inlet temperatures, 2000° and 2500° R; convergent- 
divergent nozzles; air-handling capacitleB, 27 and 33 pounds per second 
per square foot; engine specific welglit, 650 pounds per square foot; 
ccanbat-zone Mach number, 2. 
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Figure 13. - Assumed relation betveen induced-drag factor and fll^t Mach 
number for delta wing. 



Figure 14. - Assumed relation between diffuser pressure recovery ratio and fligiht Mach 
number. 
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